Abstract: Boron largely increases the ductility of polycrystalline high-temperature Co-Re-Cr alloys. Therefore, the effect of boron addition on the alloy structural characteristics is of large importance for the stability of the alloy at operational temperatures. Along with the Co-solid solution matrix phase transformation from hcp to fcc structure, additional structural effects were observed in situ at very high temperatures (up to 1500 • C) using neutron diffraction (ND) in boron-containing Co-17Re-23Cr alloys. Increasing boron content up to 1000 wt. ppm lowers the temperature at which sublimation of Co and Cr from the matrix occurs. As a result, the composition of the matrix in the surface region is changed leading to the formation of a second and a third matrix hcp phases at high temperatures. The consideration on the lattice parameter dependence on composition was used to identify the new phases appearing at high temperatures. Energy-dispersive spectroscopy and ND results were used to estimate the amount of Co and Cr which sublimated from the surface region of the high-boron sample. In the sense of alloy development, the sublimation of Co and Cr is not critical as the temperature range where it is observed (≥1430 • C) is significantly above the foreseen operation temperature of the alloys (1200 • C).
Introduction
Co-Re-Cr-based alloys [1] containing boron are promising candidates for high-temperature application in gas turbines beyond Ni-based superalloys. The Co matrix in Co-Re-Cr alloys has a stable hexagonal close-packed (hcp, alternatively denoted ε) structure at room temperature and undergoes an allotropic transformation to a cubic face-centered structure (fcc or γ) at high temperatures. Boron addition significantly increases the ductility of the polycrystalline alloys [2] .
The high-temperature structure and microstructure as well as their stability are of a great importance for applications and deserve attention. Neutron diffraction (ND) was already successfully used for in-situ structural studies of these alloys at high temperatures [3] [4] [5] . The structure and phase transformation of boron-containing Co-Re-Cr alloys at high temperatures (HT) were investigated in the neutron-scattering experiment described in [6] . It was shown that boron significantly changes the allotropic transformation temperature of the Co solid solution matrix, i.e., transformation temperature from low-temperature hexagonal close-packed phase (hcp, alternatively denoted ε) to high-temperature cubic face centered structure (fcc or γ). It was found that the decrease in the transformation temperature is not monotonic with increasing boron content but rather exhibits minimum at the low boron amount of 200 ppm B. It was concluded that the reason for this effect is the interplay between the amount of boron addition and the amount of σ phase as well as the boride content in the alloy.
Moreover, it was also found that the alloys with higher boron content (500 and 1000 ppm B) have a more complex high-temperature microstructure. Particularly, additional hexagonal matrix phases appear. In this paper, occurrence and formation of these additional phases in Co-Re-Cr alloys containing boron is studied. The cause for their appearance and possible consequences for the development of Co-Re-Cr alloys are discussed.
Materials and Methods

In-Situ Thermal Cycle during Neutron Diffraction Measurement
In order to determine the influence of boron content on the high temperature structure and matrix transformation temperature, several Co-17Re-23Cr alloys (nominal alloy composition 17 at % Re and 23 at % Cr) with varying boron content (50, 100, 150, 200, 500 and 1000 wt. ppm of boron, i.e., 0.04, 0.07, 0.11, 0.15, 0.36 and 0.72 at %) were investigated. The alloys were homogenized after melting and casting by standard solution heat treatment (ST) in vacuum which consisted of the following steps: 1350 • C/5 h + 1400 • C/5 h + 1450 • C/5 h + Argon quenching. Cylindrical samples of 6 mm diameter were used for neutron diffraction (ND). The surfaces were machined smooth before the in-situ measurement.
The diffractometers SPODI [7, 8] , which is equipped with a bank of 80 position sensitive detector tubes, and Stress-Spec [9] , equipped with a two-dimensional position sensitive detector, of Heinz Maier-Leibnitz-Zentrum (MLZ) at FRM II, Garching, Germany, were used for ND measurements. SPODI high-resolution neutron powder diffractometer covering the angular range (2θ) up to 154 • was used for precise determination of phase content at RT before in situ heating for all the samples. The used neutron wavelength was equal to 0.1548 nm.
Stress-Spec neutron diffractometer equipped with a high-temperature vacuum furnace was used for in-situ neutron diffraction (ND) measurements up to 1490 or 1500 • C at high-vacuum (10 −5 -10 −6 mbar). The experiment using the Stress-Spec instrument was performed with a neutron wavelength of 0.164 nm. The diffractograms were collected predominantly in a limited angular range (2θ) between 42.5 • and 56 • (which contains the important reflections) during heating or during the hold (10 min, one detector position) at a particular temperature. Nevertheless, each sample was also measured in the full accessible angular range 2θ between 35 • and 115 • (eight detector positions with a total of 100 min holding at a temperature, including detector movement) at room temperature (RT) before and after the in situ cycle, as well as at the highest achieved temperature. One temperature scan (i.e., temperature heating and cooling) using the Stress-Spec with a sufficient neutron count and a sufficiently dense list of the tested temperatures (10 K step in the important temperature region where the matrix transformations occur) took 16-20 h per sample.
A relatively large absorption of neutrons exists in Co-Re-Cr alloys due to the presence of Re and Co, which have an order of magnitude larger absorption cross section than, e.g., Fe, and two orders larger than Al. The mean path of neutrons in the sample is only a few millimeters (the macroscopic absorption cross section is equal to 2.97 cm −1 for Co-17Re-23Cr alloy, even without boron, which is a strong absorber of neutrons). That means that the 1/e penetration path is 3.4 mm when considering absorption only, and 3.0 mm when assuming absorption plus incoherent scattering. The scattered (and subsequently detected) neutrons thus come mainly from the region below the surface of the sample. The volume up to the depth of approximately 1 mm below the surface of the cylindrical sample mainly scatters. This information is crucial for subsequent discussions and is mentioned here in order to underline the importance of the signal from the surface region of the Co-Re-Cr samples in this neutron diffraction investigation.
Out of the investigated sample series with varying boron content, the samples with high boron content (500 and 1000 wt. ppm B, i.e., 0.36 and 0.72 at %) exhibited splitting of the ε matrix phase peaks at HT [6] . After the in-situ HT cycle, it was observed that these two samples (500 and 1000 wt. ppm B) exhibited dramatic changes on the surface. In Figure 1 , the samples without boron addition and with 1000 ppm B are compared after the in-situ measurement at HT. Both samples were heated up to 1490 • C. Clearly, the sample with high boron content shows a very rough surface as compared to the sample without boron. discussions and is mentioned here in order to underline the importance of the signal from the surface region of the Co-Re-Cr samples in this neutron diffraction investigation.
Out of the investigated sample series with varying boron content, the samples with high boron content (500 and 1000 wt. ppm B, i.e., 0.36 and 0.72 at %) exhibited splitting of the ε matrix phase peaks at HT [6] . After the in-situ HT cycle, it was observed that these two samples (500 and 1000 wt. ppm B) exhibited dramatic changes on the surface. In Figure 1 , the samples without boron addition and with 1000 ppm B are compared after the in-situ measurement at HT. Both samples were heated up to 1490 °C. Clearly, the sample with high boron content shows a very rough surface as compared to the sample without boron.
(a) (b) 
SEM and EDS
To interpret the ND results, the microstructure of the samples was investigated by scanning electron microscope (SEM). The microstructure of the initial state of the samples from the various alloys (ST condition) was presented in the earlier paper [6] . The microstructures after the in-situ neutron diffraction measurement at HT are presented here. For this purpose, the cylindrical samples were cut in the middle and the micrographs were taken on the cross-section. The advantage of this approach is that both the microstructure at the center of the sample and near the surface (from which neutron scattering signal mainly emerged) could be investigated and compared.
A dual beam scanning electron microscope from FEI, Hillsboro, OR, USA (model: Helios Nanolab 650i) fitted with the Trident analytical system from EDAX, Mahwah, NJ, USA (with energy dispersive spectroscopy-EDS) was used in this study. For imaging, mostly the secondary or the backscatter electrons (SE and BSE), respectively, were used. In addition to the SEM imaging [10] , the EDS measurements were done to study the composition and the elemental distribution in the samples. The composition at various locations in the micrographs was measured quantitatively by EDS using standard-less Cliff-Lorimer method [11] . The 30 mm 2 silicon drift detector (SDD) provided large EDS counts for quick elemental and phase mapping.
Results
Neutron Diffraction Measurements at RT
High-resolution neutron diffraction data measured at SPODI at room temperature before in-situ heating ( Figure 2) gives information on phase content in the samples after standard heat treatment. For some samples, mainly those with high B content (500 and 1000 wt. ppm of boron), a split of the hcp matrix phase reflections in the range of 0.3% lattice parameter change (i.e., of the order of 0.01 Å) at large diffraction angles was observed (see the Figure 2b ). This shows the presence of two distinct ε-Co solid solution matrix phases in these alloys, with very similar lattice parameters. It suggests that the matrix phase chemistry in the alloys could be inhomogeneous, particularly 
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Neutron Diffraction Measurements at HT
In Figure 3 (taken from [6] ), the intensity maps are reported from the diffractograms taken during the in-situ thermal cycles for three of the studied samples (150, 500 and 1000 wt. ppm of boron). Selected diffractograms at certain temperatures are presented in the further figures to highlight some details important for discussion in this study. 
In Figure 3 (taken from [6] ), the intensity maps are reported from the diffractograms taken during the in-situ thermal cycles for three of the studied samples (150, 500 and 1000 wt. ppm of boron). Selected diffractograms at certain temperatures are presented in the further figures to highlight some details important for discussion in this study. prominent for the high-boron containing samples. Such inhomogeneities have been frequently observed in cast Co-Re alloys due to strong Re segregation in the dendritic and inter-dendritic regions [12] . The Re segregation sometimes remains even after the given homogenization heat treatment (ST). It is known that the melting range is broadening due to B addition and it stands to reason that a broadened melting range is a promotion of segregation.
In Figure 3 (taken from [6] ), the intensity maps are reported from the diffractograms taken during the in-situ thermal cycles for three of the studied samples (150, 500 and 1000 wt. ppm of boron). Selected diffractograms at certain temperatures are presented in the further figures to highlight some details important for discussion in this study. The color-map intensity levels (the color range is shown on the right) were selected in such a way that the weaker reflections are also clearly visible. The graphs are reproduced from [6] , with permission from Springer Nature, 2018.
The full angular range of the diffractograms from the sample with 1000 ppm B at RT before in-situ heating, at 1490 • C (i.e., the highest temperature for this sample) and at RT after the in-situ heating cycle are displayed in Figure 4 . Together with the measured data, the figures also contain the optimum fits by Rietveld analysis [13] to the data. These will be discussed further below.
were fine (10 K) in the important temperature region where the matrix transformations occur (i.e., at high temperatures), while they were large at low and intermediate temperatures (from RT up to at 1000 °C). The color-map intensity levels (the color range is shown on the right) were selected in such a way that the weaker reflections are also clearly visible. The graphs are reproduced from [6] , with permission from Springer Nature, 2018.
The full angular range of the diffractograms from the sample with 1000 ppm B at RT before in-situ heating, at 1490 °C (i.e., the highest temperature for this sample) and at RT after the in-situ heating cycle are displayed in Figure 4 . Together with the measured data, the figures also contain the optimum fits by Rietveld analysis [13] to the data. These will be discussed further below. The evolution of diffractograms for 500 and 1000 ppm B samples in the important angular region around the 2θ diffraction angle of 49° at selected high temperatures near the highest applied temperature is shown in Figure 5 . The appearance of new hexagonal phases can be seen (marked by arrows) in the samples with increasing temperature. The structural evolution with temperature is, however, different for the two samples. The evolution of diffractograms for 500 and 1000 ppm B samples in the important angular region around the 2θ diffraction angle of 49 • at selected high temperatures near the highest applied temperature is shown in Figure 5 . The appearance of new hexagonal phases can be seen (marked by arrows) in the samples with increasing temperature. The structural evolution with temperature is, however, different for the two samples. . The sequence of hcp phase splitting, which is different for both samples, can be observed.
SEM and EDS
The microstructure after in-situ ND measurement from the central part of the samples with different boron content (150, 500 and 1000 wt. ppm B) were presented in Figure 2 of the paper [6] and showed that-in addition to the primary and secondary σ phases-a Cr and Re-rich boride phase is present in the alloys. All phases are embedded in a ε-Co solid solution matrix. In this paper, we mainly present the microstructures at or near the surface of the cylindrical samples, which is relevant for this study, and compare them with the central region.
In Figure 6 , the selected micrographs are shown. Figure 6a is from the central region of the 1000 ppm B sample while Figure 6b is from the surface region. The areas marked by red color in Figure  6a ,b are areas from which compositions were determined quantitatively using EDS measurement. In Figure 6a ,b, the central and the surface regions in the 1000 ppm B sample after the in-situ measurement are depicted and compared. The central region (Figure 6a) is not affected by any surface activities caused by heating, and the composition of the matrix (in areas 1 and 3) is not significantly different from the nominal composition of the alloy. The measured compositions (at %) from the selected area 1 of Figure 6a is Co 61.6, Re 17.6, Cr 20.8, and from the selected area 3 Co 61.6, Re 17.4, Cr 21.0. The average composition in the center is reported in Table 1 .
The matrix region below the surface of the same sample is shown in Figure 6b . Two distinct parts of this region can be recognized: an outer layer (i.e., from the surface down to 200 μm under the surface) and a near-surface zone (200-500 μm under the surface). In this region, the matrix phase composition differs in the near-surface zone (selected area 3-Co 54.8, Re 35.6, Cr 9.6-and selected area 4-Co 51.6, Re 40.1, Cr 8.3-in Figure 6b ) and in the outer layer (selected area 1-Co 23.1, Re 74.5, Cr 2.4-and selected area 2-Co 23.9, Re 73.1, Cr 3.0-in Figure 6b ). In the near-surface zone, Cr content decreased more than 2×, and Re content increased more than 2× with respect to the central region of the sample. In the outer layer, the composition change is still larger. There is only a small amount of Cr in the outer layer, and the most abundant element is Re (about three-quarters of all atoms). The average compositions of the outermost layer and of the near-surface zone are reported in Table 1 .
For comparison, the compositions after the in-situ ND measurement determined by EDS in the 150 ppm B sample was Co 60.5, Re 17.3, Cr 22.2 for the central region, and Co 60.7, Re 17.4, Cr 21.9 for the near-surface zone, i.e., the matrix did not differ significantly from the nominal composition of the alloy there and both regions were thus unaffected by heating. There was, however, also an outer layer with a significantly different composition (Co 35.4, Re 39.1, Cr 25.5) in the 150 ppm B sample after the in-situ ND measurement. Nevertheless, unlike for the high-boron samples, this outer layer was only 20 μm thick. That means that this layer was 10× thinner than in the 1000 ppm B sample and, consequently, its volume was too small to be detectable by ND. Figure 5 . Evolution of HT diffractograms for (a) 500 ppm B and (b) 1000 ppm B samples nearby the highest reached temperature of 1500 • C (for 500 ppm B) and 1490 • C (for 1000 ppm B). The sequence of hcp phase splitting, which is different for both samples, can be observed.
In Figure 6 , the selected micrographs are shown. Figure 6a is from the central region of the 1000 ppm B sample while Figure 6b is from the surface region. The areas marked by red color in Figure 6a ,b are areas from which compositions were determined quantitatively using EDS measurement. In Figure 6a ,b, the central and the surface regions in the 1000 ppm B sample after the in-situ measurement are depicted and compared. The central region (Figure 6a) is not affected by any surface activities caused by heating, and the composition of the matrix (in areas 1 and 3) is not significantly different from the nominal composition of the alloy. The measured compositions (at %) from the selected area 1 of Figure 6a is Co 61.6, Re 17.6, Cr 20.8, and from the selected area 3 Co 61.6, Re 17.4, Cr 21.0. The average composition in the center is reported in Table 1 .
The matrix region below the surface of the same sample is shown in Figure 6b . Two distinct parts of this region can be recognized: an outer layer (i.e., from the surface down to 200 µm under the surface) and a near-surface zone (200-500 µm under the surface). In this region, the matrix phase composition differs in the near-surface zone (selected area 3-Co 54.8, Re 35.6, Cr 9.6-and selected area 4-Co 51.6, Re 40.1, Cr 8.3-in Figure 6b ) and in the outer layer (selected area 1-Co 23.1, Re 74.5, Cr 2.4-and selected area 2-Co 23.9, Re 73.1, Cr 3.0-in Figure 6b ). In the near-surface zone, Cr content decreased more than 2×, and Re content increased more than 2× with respect to the central region of the sample. In the outer layer, the composition change is still larger. There is only a small amount of Cr in the outer layer, and the most abundant element is Re (about three-quarters of all atoms). The average compositions of the outermost layer and of the near-surface zone are reported in Table 1 .
For comparison, the compositions after the in-situ ND measurement determined by EDS in the 150 ppm B sample was Co 60.5, Re 17.3, Cr 22.2 for the central region, and Co 60.7, Re 17.4, Cr 21.9 for the near-surface zone, i.e., the matrix did not differ significantly from the nominal composition of the alloy there and both regions were thus unaffected by heating. There was, however, also an outer layer with a significantly different composition (Co 35.4, Re 39.1, Cr 25.5) in the 150 ppm B sample after the in-situ ND measurement. Nevertheless, unlike for the high-boron samples, this outer layer
was only 20 µm thick. That means that this layer was 10× thinner than in the 1000 ppm B sample and, consequently, its volume was too small to be detectable by ND. Figure 7a shows microstructure right at the surface from which the EDS elemental distribution maps (Figure 7b-d) were determined in the 1000 ppm B sample. Formation of pores on the surface and also subsurface porosities is prominent, as expected from the observed surface structure shown in Figure 1b . The secondary electron (SE) image in Figure 7a shows that the outermost layer, separated by the pores in the image, is still brighter than the rest of the subsurface matrix surrounding the pore area. It should be noted, that the 150 ppm B sample did not exhibit so pronounced porosity near the surface.
The micrographs in Figure 7b -d show the elemental distribution in the surface region of the 1000 ppm B sample shown in Figure 7a . Co, Re and Cr are mapped in Figure 7b- Figure 7a shows microstructure right at the surface from which the EDS elemental distribution maps (Figure 7b-d) were determined in the 1000 ppm B sample. Formation of pores on the surface and also subsurface porosities is prominent, as expected from the observed surface structure shown in Figure 1b . The secondary electron (SE) image in Figure 7a shows that the outermost layer, separated by the pores in the image, is still brighter than the rest of the subsurface matrix surrounding the pore area. It should be noted, that the 150 ppm B sample did not exhibit so pronounced porosity near the surface.
The micrographs in Figure 7b -d show the elemental distribution in the surface region of the 1000 ppm B sample shown in Figure 7a . Co, Re and Cr are mapped in Figure 7b- 
Parameters Summary
The selected composition of phases measured by EDS and other relevant parameters (average atomic radius, hcp lattice parameters of Co-solid solution matrix calculated from average atomic radius, hcp matrix lattice parameters measured at RT after in-situ at HT, mass density of the phase calculated from the lattice parameters and composition, incoherent scattering cross section of the phases) are also reported in Table 1 . These parameters are needed for the further discussion. 
Discussion
Appearance of Additional Hexagonal Phases
The neutron diffraction data from the 500 ppm B sample measured at Stress-Spec (full angular range) at 1500 • C and at RT after the in-situ heating were fitted by Rietveld analysis using FullProf software (version 5.30, March 2012, ILL Grenoble, France) [13] . For the fitting, two hcp matrix phases (denoted hcp-1 and hcp-2 in what follows) were necessary. The hcp-1 is the Co-solid-solution-matrix ε phase originally present in the alloy after ST condition, and hcp-2 is the new phase that evolved during in-situ heating at very high temperatures. hcp-2 phase has very different (about 5%) cell parameters compared to the hcp-1 phase. The selection of the fitted data showing the refinement in the important angular range is shown in Figure 8 . The difference in cell parameters between hcp-1 and hcp-2 phases (about 0.13 Å) is approximately the same at both 1500 • C and RT temperature after the in-situ cycle. This difference in the cell parameters of both hcp phases is significantly larger than the one observed in the SPODI data at RT shown in Figure 2 (where the difference was of the order of 0.01 Å). 1 The values measured in the center by ND are taken as input values for calculation of lattice parameters in the other parts of the sample; therefore, the calculation is obsolete here; 2 EDS region 2 of 1000 ppm B sample; 3 average of the selected area; 4 hcp lattice parameters calculated using average atomic radius; 5 hcp lattice parameters measured by ND at RT (after in-situ at HT) for the individual hcp phases, and their assignment to the observed EDS concentrations; 6 incoherent scattering cross section.
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The volume fraction of hcp-2 phase at RT after the in-situ cycle is 4.5% in the 500 ppm B sample. The amount of σ phase in this sample increased from 2% to 5.5% during cooling the sample to RT from 1500 °C. At high temperature, a significant amount of γ-Co solid-solution matrix (fcc) is present as well (52%). The measurement at RT after in-situ heating is significantly influenced by the In Table 2 , the refined volume fractions of the individual phases at RT before heating, at the highest reached temperature of 1500 • C, and at RT after the in-situ cycle are listed both for 500 ppm B and for 1000 ppm B samples.
The volume fraction of hcp-2 phase at RT after the in-situ cycle is 4.5% in the 500 ppm B sample. The amount of σ phase in this sample increased from 2% to 5.5% during cooling the sample to RT from 1500 • C. At high temperature, a significant amount of γ-Co solid-solution matrix (fcc) is present as well (52%). The measurement at RT after in-situ heating is significantly influenced by the appearance of the hcp-2 phase and the compositional effects connected with it. It can significantly affect also the σ phase content.
It can be seen from the Figure 3b that the hcp-2 phase appears on heating to about 1460 • C in the 500 ppm B sample. With increasing temperature to 1500 • C, the angular position of the reflection 101 of the hcp-2 phase makes a large jump towards lower angles, which corresponds to a large increase in the cell parameter. This tendency does not continue during the hold at 1500 • C and the position of the reflection 101 of the hcp-2 phase remains stable. During cooling, 101 hcp-2 peak position changes only a little and this change can be ascribed to the thermal shrinkage. The hcp-2 phase, however, appeared during 100 min hold at 1490 • C in large amount (at 1480 • C during subsequent cooling, the phase composition refined using diffractogram taken in the limited angular range was hcp-1: 42.5%, hcp-2: 24.5%, hcp-3: 28.1%, fcc: 4.9%).
The sample with 1000 ppm of boron has still more complex ND pattern at high temperatures. Structural evaluation for three full-angular-range ND patterns (Figure 4 , measured at RT before in-situ heating, at 1490 • C and at RT after in-situ cooling) was carried out. The evaluation of the diffraction data revealed that three different hcp-phases (denoted hcp-1, hcp-2 and hcp-3) are present in this alloy after heating to very high temperatures. Above 1410 • C, γ-Co solid-solution matrix (fcc) is present as well. At the highest applied temperatures, neither σ phase nor borides were detected by ND. They were, nevertheless, present again after cooling to RT. The volume fractions of the individual phases obtained from Rietveld analysis of ND patterns are listed in Table 2 .
The evolution of the diffraction pattern with temperature (for the selected angular region of 1000 ppm B sample measured at Stress-Spec) is presented in Figure 3c . In this alloy, the hcp-2 phase appeared during the long hold at 1490 • C. Figure 5 shows that it is not present at the beginning of the hold at 1490 • C (i.e., neither after 10 min, nor after 30 min), but it is clearly visible after 100 min hold at 1490 • C. Therefore, this phase appears rather suddenly sometimes during the hold time 30-100 min at 1490 • C. It also appears ( Figure 5 and Table 2 ) that the new hcp-2 phase formed at the expense of all phases at HT (hcp-1, hcp-3 and fcc); nevertheless, the phase which decreased the most was the fcc matrix phase (see the decrease in fcc 200 reflection intensity-around 53 • -during the hold at 1490 • C in Figure 3c or in Figure 5 ). The fcc phase decreased to less than half of its original volume fraction at 1490 • C. Preferential transformation of fcc to hcp-2 during the hold at 1490 • C can be understood if there is an enhancement of this phase by Cr and/or Re (which are hcp stabilizers). Then, the γ-fcc would be unstable and transform back to the hcp phase.
Even before the hcp-2 phase appears during the hold at 1490 • C, another hcp peak appears at a lower temperature of 1430 • C at around the angle of 47.9 • in the 1000 ppm B sample (see Figure 5b) . This peak belongs to hcp phase denoted hcp-3 and forms on the wing of the largest hcp-1 peak 101. Therefore, the hcp matrix splits in fact to three hcp phases at high temperatures in the highest boron content alloy.
The lattice parameters of the hcp-1 matrix phase for the sample with 1000 ppm B refined from the full angular range ND patterns are a = 2.55708(20) Å, c = 4.12395(33) Å at RT before the in-situ experiment and a = 2.61806(58) Å, c = 4.2480(10) Å at 1490 • C. The cell parameter of fcc matrix phase for the same sample is a = 3.69478(90) Å. The lattice parameters for hcp-1, hcp-2 and hcp-3 phases determined at RT after the in-situ treatment for the 1000 ppm B samples are recorded in Table 1 .
Both hcp-2 and hcp-3 phases remain in the alloy on slow cooling to RT. Hence these phases are not a metastable or intermediate state. Nevertheless, the analysis of ND data shows, that there is a decrease of the hcp-2 in 1000 ppm B sample from approximately 24.5% at 1490 • C to 13% at RT on cooling.
The reason for the detected decrease of hcp-2 phase amount ( Table 2) in both 500 and 1000 ppm B samples during cooling to RT can be twofold. Firstly, delamination of the part of the outer layer (composed of hcp-2) can occur during cooling. It can be promoted by different thermal expansion coefficients of hcp-2 and the other hcp phases. Secondly, Figure 7d shows Cr-rich and Cr-lean areas in the outer layer. Probably, the outermost layer then consists of hcp matrix and σ at RT with a significant amount of σ phase. σ could form in some areas of the outermost layer on cooling. In these areas, the remaining hcp-phase is severely depleted in Cr and the results suggest that its lattice parameters become similar to that of rhenium. Figure 7d suggests that σ precipitation does not occur everywhere in the outer layer and, therefore, also hcp-2 phase remains, but its volume is decreased. The combination of both abovementioned mechanisms is also possible.
Background Intensity
One striking feature in the ND data is the fact that the diffractograms from the samples with higher boron content (≥500 ppm B) have a lower diffuse background in the diffraction patterns (see e.g., the intensity maps in Figure 3 in the 2θ region around 55 • , far away from the Bragg peaks). The background for three samples with different boron content is summarized in Table 3 . The background at RT before the thermal cycle and at HT is by 10-12% lower for the 1000 ppm B sample than for the 150 ppm B sample. The background level for 500 ppm B sample is in between the background levels for 1000 and 150 ppm B samples. This can be explained on the basis of larger absorption of neutrons by boron in the high-boron samples [14] . The background is predominantly (84%) caused by incoherent scattering from Co atoms as they have the incoherent scattering cross section equal to 4.8 barn (compared to 0.9 barn for Re and 1.83 barn for Cr; 1 barn = 10 −24 cm −2 ) and, moreover, the element Co is the most abundant element in the studied Co-based Co-17Re-23Cr alloys (~60 at %). The absorption cross section in Co-17Re-23Cr alloy without boron is 2.97 cm −1 , while it is 3.40 cm −1 for the 1000 ppm B sample, i.e., 14% higher. For the neutron path through the sample of a several millimeters length (which is the case here), it causes the abovementioned larger attenuation of the neutrons in the high-boron samples with respect to the low-boron samples. Particularly, the abovementioned decrease in the background intensity by 10-12% for 1000 ppm B sample with respect to the 150 ppm B sample would occur when the mean path of neutrons through the Co-Re alloy is 3 mm, which is reasonable (see the Materials and Methods section). For 3 mm flight path, the transmission is 0.324 for the 1000 ppm B alloy whereas it is 0.361 for the 150 ppm B alloy, i.e., roughly by 11% larger.
More important-and surprising at the same time-is, however, the decrease of the background during the hold at the highest measured temperature for the high-boron samples. This feature is clearly visible for the 1000 ppm B sample and-less pronounced but still present-for the 500 ppm B sample. The decrease of the background intensity during the 2 h hold at the temperature of 1490 • C is roughly 14% for the 1000 ppm B sample. This effect occurs at the same time at which the hcp-2 phase appears.
This effect can be explained by incoherent scattering change due to the lowering of the Co and Cr amount from the surface. Sublimation could lower the Co and possibly also Cr content in the matrix near the surface of the sample. The gauge volume for ND experiment is-due to the relatively large absorption in the Co-Re alloy-positioned mainly within 1 mm below the sample surface (see the Materials and Methods section). Lowering of Co and Cr concentration in the gauge volume should then result in the decrease of incoherent background from Co and Cr atoms.
Explanation of the Formation of New Phases
The hcp-2 and hcp-3 phases were formed only in 500 and 1000 ppm B samples at high temperatures (Figure 3b,c, Figures 5 and 8) .
There is an indication of sublimation on the surface of the in-situ HT samples, which were held at 1490 or 1500 • C under vacuum (Figure 1 ). The signs of sublimation are the largest for the 1000 ppm B sample. EDS results ( Figure 6 and Table 1 ) further indicate that the surface region of high B sample has a different composition than the center of the sample, particularly depletion of Co and Cr in the subsurface region is noticed. The incoherent scattering considerations also point to a decrease of Co (and possibly also Cr) concentration in the region down to 1 mm below the surface.
Therefore, the explanation for the formation of the new phases hcp-2 and hcp-3 can be connected to the loss of Co and Cr from the surface through sublimation. The depletion of Co in the surface layer would cause a shift of the lattice parameter of the hcp matrix phase towards larger values as the matrix becomes Re-rich. This is exactly the observation in the ND measurements when the hcp peaks split into hcp-1 and hcp-2 peaks. The samples heated to 1490 • C (1000 ppm B) or 1500 • C (500 ppm B) contain a surface layer of hcp phase but with very much shifted cell parameters (denoted hcp-2 in this article). The center of the sample is, however, not affected and retains the original hcp-1 cell parameters. The cell parameters on the surface region had quickly evolved, which can be explained by progressive Co sublimation. This would lead to hcp matrix phase splitting into two phases (hcp-1 and hcp-2) where the hcp-1 phase remains the same as the original solid solution (unaltered composition) while the hcp-2 phase is also a solid solution, but with strongly altered composition due to sublimation.
There can also be a transitional layer between hcp-1 and hcp-2 which is only slightly depleted by Co (i.e., enriched by Re). This phase, denoted hcp-3, has then slightly (by about 1.5%) shifted lattice parameters. It appears earlier (i.e., at lower temperature 1430 • C on heating) than the formation of the hcp-2 layer in 1000 ppm B sample.
The formation of new phases can be thus at least qualitatively explained by Co and Cr sublimation from the sample surface.
Identification of Phases
In order to assign the hcp-2 and hcp-3 phases in the 1000 ppm B sample determined by ND to the various concentrations of elements measured by EDS in the different regions of the sample (see Figure 6 and Table 1 ), the following analysis was done.
The model crystallographic cell parameters were calculated from the compositions determined by EDS using the atomic radii for Co (r Co = 1.26 Å), Re (r Re = 1.51 Å) and Cr (r Cr = 1.39 Å) taken from [15] . The average atomic radii r hcp1 , r hcp2 and r hcp3 , were calculated using the EDS determined atomic concentrations and are reported in Table 1 for different regions of 1000 ppm B sample. It was assumed that the difference of the lattice parameter (a as well as c) for the individual new hexagonal matrix phases hcp-2 and hcp-3 with respect to the original hcp-1 lattice parameter is proportional to the difference between the average atomic radii of the elements in these phases. The slope of the linear dependence was calculated using the average covalent atomic radius r hcp1 in the center of the sample (where only hcp-1 phase is expected) and ND-measured lattice parameters for hcp-1 phase (a hcp1 and c hcp1 , see Table 1 ) as well as for pure Re (which is hexagonal with lattice parameters a Re = 2.761 Å and c Re = 4.456 Å). Therefore, the model lattice parameters were calculated using the formula
where a hcpi stands for either lattice parameter a hcp2 of the hcp-2 phase or a hcp3 of the hcp-3 phase. The same kind of formula is used for c hcp2 or c hcp3 . The model lattice parameters calculated in this way for the typical elemental concentrations measured by EDS near and at the sample surface are written in Table 1 (the column header "hcp lattice parameters calculated"). In the next column of Table 1 , also the ND-measured lattice parameters of hcp-2 and hcp-3 phases are reported for 1000 ppm B sample at RT after the in-situ heating experiment. The ND-measured lattice parameters for hcp-2 and hcp-3 were written to those rows of Table 1 , in which the most similar model lattice parameters are. In this way, hcp-2 and hcp-3 phases found by ND are correlated in the table with the EDS results and, consequently, identified in the micrographs. The hcp-2 phase is in the selected areas 1 and 2 of the micrograph in Figure 6b , the hcp-3 phase is in the selected areas 3 and 4 of that micrograph. The hcp-2 phase is thus the outer layer of the sample which is about 100 µm thick. The hcp-3 phase is the near-surface zone, which is the transition region between the outer layer and the center of the sample. When using the volume fractions of the individual hcp phases at RT after the in-situ measurement from Table 2 , and the EDS determined concentrations in these phases (Table 1) , one can estimate the concentration of the elements in the gauge volume examined by ND to be Co 54.8%, Re 29.5%, Cr 15.7% (at %). It can be thus concluded that the sublimation depletes the 1 mm layer nearby the 1000 ppm B sample surface (with respect to the state before the in-situ measurement) by 11% in Co and by 25% in Cr, and that this evolution caused-at the same time-the relative Re enhancement by 69%.
Further, the observed 14% decrease in the incoherent background at 1490 • C for the 1000 ppm B sample can be explained by a decrease in Co concentration of similar magnitude at HT, and partly also by Cr concentration change. If we assume the phase composition at HT in the gauge volume according to Table 2 , and the corresponding incoherent cross sections for the phases according to Table 1 (the last column), then the average incoherent scattering cross section decreased to 0.323 cm −1 from the original value at RT before in-situ measurement of 0.364 cm −1 . It is 11% decrease, mainly due to the lower average concentration of Co. Eleven percent lower incoherent scattering cross section fits rather well with the observed drop in the background intensity by 14% during the two-hour hold at the temperature of 1490 • C. Therefore, also the background decrease during the hold at the highest reached temperature can be explained well by Co and Cr sublimation from the sample surface.
Boron Influence
It is obvious from the presented ND measurements that the higher boron content enhances the sublimation of Co from the surface. The sample with the highest boron content 1000 ppm B, heated to 1490 • C has more hcp-2 phase (and additionally also the presence of hcp-3 phase-see Table 2 ) than the sample having only half of the boron content (500 ppm B) and heated to even higher temperature of 1500 • C. Also, the low-boron content samples do not exhibit formation of hcp-2 and hcp-3 phase at high temperatures at all [6] , and Co sublimation from the surface is thus either negligible or of much lower extent in them.
It is well known [16] that one major influence of boron addition to Co and Ni alloys is lowering the melting point. In case B is freely available in the matrix, it would probably have a similar effect also in Co-Re alloys. Lowering of the melting point would enhance the tendency to sublimation as well. One possible explanation why the higher B content in Co-Re alloys leads to a stronger sublimation of Co and Cr is thus that the boron is not captured in borides at very high temperatures anymore (unlike at RT and lower temperatures). If the borides are dissolved in the matrix, the free boron could promote the sublimation of Co and Cr. Although it is not possible to determine at which temperature the borides dissolve on heating in 1000 ppm B sample due to the higher background, it can be deduced from Figure 3c that borides are formed on cooling from HT at around 1460 • C.
The influence of boron content on the sublimation of Co and Cr must be carefully considered and tested for the high-temperature application of Co-Re alloys. The present experiments were done under high vacuum, but experiments also in atmospheric pressure should be done. Further, it should be tested not only at the high temperatures (over 1400 • C) as in the present case, but also for longer hold periods at lower temperatures 1200-1300 • C which is actually the anticipated service temperature for Co-Re alloys in gas turbines. However, it may also be mentioned that gas turbine components from Co-Re alloys for such high temperatures are likely to be protected by a surface coatings (like the present Ni-superalloy components) and thus the sublimation effect can be quite different.
Conclusions
It is clear from the present measurements that the higher boron content in the Co-Re-Cr alloy promotes the sublimation of Co and Cr from the surface at high temperatures. The effect is enhanced with increasing boron content. Co and Cr sublimation from the sample surface leads to the enrichment of the matrix with Re, particularly in the surface region of the samples. The Re enrichment results in the appearance of second, hcp-2, or even third, hcp-3, matrix hcp phases at and near the sample surface.
By correlating the lattice parameters measured by ND with the composition measured by EDS, it was possible to identify the newly formed phases in the alloy that appeared at HT. EDS and ND results were used to estimate the amount of Co and Cr which was lost due to the sublimation from the near-surface region of the high-boron content samples.
From the point of view of alloy development, sublimation of Co and Cr in B-rich Co-Re alloys can be rather seen as not critical because the temperature range where the sublimation is observed (≥1430 • C) is relatively high compared to the aimed application temperature of the Co-Re alloys (~1200 • C). Moreover, it may be stressed that the service environment in gas turbines is usually not high vacuum (as was the case in the present in-situ tests). Also, turbine blades are coated with a complex multilayer coating system. It is envisaged that Co-Re alloys in similar applications will also be always used with a coating. The coating not only creates a thermal barrier (allowing higher gas temperature), it also protects the alloy from oxidation. In the same context, they will also prevent sublimation from the substrate.
Although Co and Cr sublimation seems not to be a critical issue for the alloy development, the boron-content influence on sublimation of Co and Cr has to be carefully considered and tested in case of prospective high-temperature application of Co-Re alloys. Therefore, in-situ studies should be conducted under pressure in future as well. Further, tests should not only be done at temperatures over 1400 • C but also at lower operation temperatures of 1200-1300 • C but with long holding.
